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Abstract 
Background: Within the developing central nervous system, the ability of cells to migrate throughout the 
tissue parenchyma to reach their target destination and undergo terminal differentiation is vital to normal 
CNS development. In order to develop novel therapies to treat the injured CNS, it is essential that the 
migratory behaviour of cell populations is understood. Many studies have examined the ability of 
individual neurons to migrate through the developing CNS, describing specific modes of migration 
including locomotion and somal translocation. Few studies have investigated the mass migration of large 
populations of neural progenitors, particularly in the developing the spinal cord. Here, we describe a 
method to robustly analyse large numbers of migrating cells using a co-culture assay.  
Results: The ex vivo tissue model promotes the survival and differentiation of co-cultured progenitor 
cells. Using this assay, we demonstrate that migrating neuroepithelial progenitor cells display region 
specific migration patterns within the dorsal and ventral spinal cord at defined developmental time points. 
Conclusion: The technique described here is a viable ex vivo model to quantitatively analyse cell 
migration and differentiation.  We demonstrate the ability to detect changes in cell migration within 
distinct tissue region across tissue samples using the technique described here. 
Page 2 of 177
John Wiley & Sons, Inc.
Developmental Dynamics
D
ev
el
op
m
en
ta
l D
yn
am
ic
s
 3 
Introduction 
Within the developing central nervous system (CNS) newborn neurons migrate from germinal regions to 
final target destinations where they undergo terminal differentiation and integrate into the CNS circuitry 
(Marin & Rubenstein, 2003). The extracellular matrix (ECM) and surrounding cellular architecture of the 
developing CNS constitute an environment that is abundant in signaling molecules which migrating 
neurons must interpret in order to reach their target destinations. Migrating neurons interact with 
established cell circuits as well as other migrating cells which act as permissive substrates. This process is 
mediated by specialised cell proteins which together constitute a highly complex signaling environment. 
A major challenge facing researchers is how to manipulate specific signaling molecules and carry out 
repeated analysis of individual experimental samples while preserving the in vivo environment. 
Dissociated primary cell cultures are useful models to investigate individual cell phenotypes in response 
to experimental conditions. A limitation of primary monolayer culture models in analysing migration is 
that migration is restricted to a two dimensional plane only, whereas the in vivo migration of cells follows 
complex cell signaling within a  three dimensional environment. 
Organotypic slice cultures maintain the native cytoarchitecture of the tissue to a greater extent than 
primary cell cultures while simultaneously enabling the analysis of living cells at defined developmental 
time points. Stoppini et al., (1991) introduced a novel approach for culturing hippocampal slices on a 
semiporous membrane, whereby explanted tissue slices layered onto a semiporous membrane were 
cultured at the air/liquid interface. Subsequently, Polleux and Ghosh (2002) developed a slice overlay 
assay to investigate the role of extracellular signaling during cortical development. The authors identified 
novel factors involved in axonal and dendritic patterning (Polleux et al., 2000; Polleux et al., 2002). 
Following these studies, organotypic slice cultures have become a popular method to investigate 
structural, physiological and pharmacological properties of CNS cell types. Including the analysis of 
angiogenesis and revascularization (Morin-Brureau et al., 2011). The organotypic slice culture method is 
ideally suited to cell migration studies, as the slices can be cultured for a number of days and imaged at 
defined intervals.  
In order to analyse the migration of spinal cord progenitors in response to varying developmental 
environments, we established a spinal cord co-culture assay in which spinal cord organotypic tissue slices 
and dissociated primary cells are combined (O’Leary and McDermott, 2011). Using this model, it is 
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possible to alter the extracellular environment using tissue slices from various developmental stages while 
keeping the cells of interest constant.  By combining the co-culture assay with a Cartesian coordinate 
system, we have developed a simple and powerful method to quantitatively analyse the migration of large 
numbers of cells simultaneously. Using this technique very large numbers of cells can be automatically 
detected and the radial migration of the cells, from or to a defined region, can be subsequently calculated. 
By simultaneously acquiring brightfield images of the tissue slices, regional information is maintained 
throughout the experiment which makes this technique highly robust, as migratory patterns within defined 
regions can also be quantitatively analysed.  
Here we describe in detail the spinal cord co-culture technique along with a direct and powerful analysis 
protocol.  Using this methodology we demonstrate how progenitor cells display migration patterns 
distinct to dorsal and ventral regions of the embryonic spinal cord at specific developmental time points. 
 
Results  
The co-culture technique promotes the differentiation of neuroepithelial progenitor cells. 
E12 eGFP progenitor cells were dissociated and cultured for 14 hours and then fixed and immunostained 
for nestin and brain lipid binding protein (BLBP) (Fig. 2A). Nestin was expressed by 88.6% (+/- 0.4) of 
the cultured cells and BLBP was expressed by 66.6% (+/- 1) (Fig. 2B). Therefore, the E12 cervical spinal 
cord contains mostly undifferentiated neuroepithelial progenitor (NEP) cells which has been previously 
demonstrated in vivo (Barry and McDermott, 2005). We therefore chose this embryonic age to harvest 
spinal cord NEP cells for the co-culture study. 
Prior to the co-culture, we wanted to investigate if cells were undergoing proliferation within the tissue 
slices in vitro. We cultured E14 spinal cord slices for 6.5 days and subsequently incubated with BrdU for 
an additional 12 hours. During the 12 hour period proliferating cells were evident (Fig. 3A). Nuclear 
DAPI staining demonstrated that cell nuclei were intact within the tissue slice (Fig. 3B). The presence of 
proliferating cells and the integrity of the cell nuclei confirmed the viability of the spinal cord slices up to 
seven 7 days in vitro. Based on these results, NEP cells were co-cultured for 4 days with E14 spinal cord 
tissue slices within the 7 day window. During this time the progenitor cells survived and migrated within 
the spinal cord tissue (Fig. 4A-E). The NEP cells were seeded on the spinal cord tissue (Fig. 4A) as 
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undifferentiated round cells. After 24 hours in culture, the E12 progenitor cells migrated from the initial 
seeding positions at 0 hours post co-culture (Fig. 4B). At this stage the progenitor cells exhibited 
morphological differentiation and extended processes within the spinal cord tissue (Fig. 4C-E).  The cell 
shown in Figure 4C displayed a unipolar morphology with a long radial like process extending from the 
perikaryon. Furthermore, after 4 days in culture, some cells exhibited a multipolar morphology similar to 
that of a differentiated neuron (Fig. 4E).  
Co-cultured NEP cells were evenly dispersed throughout the tissue slices at 0 hours (Fig. 5A). Cell 
aggregates formed in the ventro - lateral regions of the spinal cord slice at 24 hours post co-culture (Fig. 
5C). A number of progenitors were seen to integrate within the ventricular wall of the spinal cord slice 
from their original seeding position in the lumen of the central canal (Fig. 5B and D). As the cells 
integrated into the VZ region, they also underwent differentiation. This was evident as progenitors that 
remained in the lumen did not appear to undergo any morphological differentiation. The technique 
presented here is therefore well suited to cell differentiation studies, which could be used in conjunction 
with immunhistochemical techniques to analyse cell differention within the tissue sample at defined 
culture periods. 
Co-cultured progenitor cells survive within the spinal cord tissue. 
The number of eGFP progenitors were quantified over 4 days in vitro. In the initial 24 hours of co-
culturing there was a decline in cell number seeded on and off the tissue although this was more 
pronounced in the cells in the latter group (Fig 6). At 24 hours post co-culture approximately 79.1%(+/- 
1.1) of the total cells seeded on the tissue remained and 71% (+/- 1.6) of cells seeded off the tissue 
remained. At 48 hours post co-culture cell numbers on the tissue did not decrease while the percentage of 
cells off the tissue decreased significantly to 66% (+/- 1.8) of the total number originally seeded. At 96 
hours post co-culture approximately 76.7%(+/- 1.2) of the cells seeded on the tissue slices remained while 
the number of cells seeded off the tissue to decreased to 36.3% (+/ 2.78)% of the total cell number. A 
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curve comparison analysis was carried out and the decrease in cell survival of cells seeded off the tissue 
slices was found to be significant (p=<0.001) (Fig 6).  
Co-culture analysis assay can be used to quantify the migration of cell populations 
The position of all co-cultured progenitors within the tissue slice was recorded using the Cartesian 
coordinate system (Fig. 6A-B). Using this approach in conjunction with the co-culture system, it was 
possible to analyse the distribution of the cells within the spinal cord tissue slice over the 4 day culture 
period. (Fig. 6B). At 0 hours the co-cultured NEPs were distributed throughout the spinal cord slice. By 
96 hours post co-culture, many of the progenitors had migrated towards the lumen of the spinal cord 
tissue. 
In order to analyse cell migration within the tissue, the radial distance of each individual progenitor cell 
from the lumen of E12 and E16 spinal cord slice co - cultures were calculated (Fig.1) over the culture 
period from 0 to 96 hours using the Cartesian coordinate system. The mean radial distance of all 
progenitor cells at 0 and 96 hours in E12 and E16 co-cultures was quantified (Fig. 8) using the distance 
formula (Fig.1). At 0 hours the mean radial distance of the progenitor cells in the E12 tissue was 236 (+/- 
4.4)µm and after 96 hours in culture the distance decreased significantly (p=<0.0001) to 202.7(+/-4.7)µm. 
Interestingly, within the E16 tissue the mean distance of cells was 348.5(+/- 2.4)µm at 0 hours and 
increased significantly (p=<0.0001) to 421.5(+/- 4.63)µm after 96 hours. The mean analysis alone is not 
sufficient to quantify individual cell migration, as changes in cell number will alter the mean distance. 
Frequency distributions of cell distance were generated and the median was statistically analysed.  (Fig. 
9). A distribution that is symmetrical has a skewness of 0. If the distribution is positively skewed then the 
data points are concentrated in the lower range of values, if the distribution is negatively skewed the data 
points are concentrated in the upper range of values. The change in skew of the frequency distributions 
over the culture period was used to measure if the cell populations were moving closer to, or further 
away, from the lumen of the spinal cord slice. 
In the E12 tissue the co-cultured progenitor cells displayed a positively skewed frequency distribution 
which became more positive over the culture period, going from 1.7 to 2.3 (Table 1). The median of the 
distribution decreased significantly (p=<0.0001) from 233.3µm at 0hours to 204.8µm at 96hours. In 
contrast, progenitors co-cultured with E16 tissue displayed a positively skewed frequency distribution 
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which became less positive over the culture period, going from 1.19 to 0.88. The median of the 
distribution increased significantly (p=<0.0001) from 375µm at 0hours to 453µm at 96hours. The 
progenitor cells were migrating toward the VZ in the E12 tissue, while migrating laterally in the E16 
tissue.  These results demonstrate the ability of the technique to detect a change in migration patterns 
which would be useful to test experimental models against controls. 
Co-culture model can be used to detect regional differences in tissue samples  
The protocol presented here enables the analysis of cell types in relation to defined regions of interest 
within the tissue sample. Using the Cartesian co-ordinate system, co-cultured NEP cells were binned into 
dorsal or ventral regions based on the cell coordinate positions (negative Y value = ventral, positive Y 
value = dorsal, Fig.1). This was achieved by designating the region of interest (lumen of spinal cord) as the 
origin (Fig.1). The radial distance of cells in the dorsal and ventral spinal cord was quantified at 0 and 96 
hour time points in both E12 and E16 tissue ages (Fig. 10). Within the E12 tissue the mean radial distance 
of the progenitors within the dorsal spinal cord was 234.2 (+/- 4.8)µm at 0 hours which decreased 
significantly (p=<0.0001) to 189.3(+/- 7)µm after 96 hours. Conversely, the mean distance of progenitor 
cells within the dorsal E16 spinal cord tissue was 308.8 (+/- 4)µm at 0 hours which increased significantly 
p=<0.0001) to 424.5(+/- 6)µm after 96 hours.  
In the ventral spinal cord, the mean distance of the progenitors cells co – cultured with the E12 tissue was 
239.4(+/- 10.5)µm at 0 hours which decreased significantly (p=<0.05) to 213.2 (+/-6.1)µm after 96 hours 
(Fig. 10 B). The mean distance of the progenitor cells co – cultured with the E16 tissue was 380.7(+/- 
2.7)µm at 0 hours which increased significantly (p=<0.01) to 418.2(+/- 7)µm after 96 hours. These 
results show that the progenitor cells migrate both ventrally and dorsally within tissue of a specific 
embryonic age. Together, these observations indicate that progenitor cells exhibit regionally specific 
migration patterns when  exposed to temporally distinct developing environments 
This result was highly robust and was confirmed using frequency distributions of individual cell distances 
over time (Fig. 11). In the dorsal E12 spinal cord the co-cultured progenitors displayed a positively 
skewed frequency distribution which became more positive over the culture period (Table 2) with a 
concurrent significant decrease (p=<0.0001)  in the median distance, from 233.3µm to 191.6µm. In the 
ventral E12 spinal cord progenitors displayed a positively skewed frequency distribution which became 
more positive over the culture period, going from 2.31 to 2.45. The median of the distribution decreased 
Page 7 of 177
John Wiley & Sons, Inc.
Developmental Dynamics
D
ev
el
op
m
en
ta
l D
yn
am
ic
s
 8 
significantly (p=<0.05) from 230.2µm to 221.0µm. Therefore, within the E12 tissue, the progenitors all 
migrated in a medial direction towards the lumen, despite their initial seeding point. 
The co-cultured cells displayed the opposite pattern in the E16 tissue as cells were observed to migrate 
away from the lumen as both dorsal and ventral frequency distributions became more negatively skewed 
over time. Dorsally, the co-cultured progenitors displayed a positively skewed frequency distribution 
which became less positive over the culture period, going from 1.22 to 0.82. The median of the 
distribution increased significantly (p=<0.0001) from 323.9µm to 447.9µm, demonstrating that the cells 
seeded in the dorsal spinal cord migrated dorsally away from the lumen. This was also the result in the 
ventral E16 spinal cord samples, the progenitors displayed a positively skewed frequency distribution 
which became less positive over time, going from 1.53 to 0.77, exhibiting a significant increase 
(p<0.0001) in the median distance from the lumen. In summary, the progenitors underwent a medial 
migration towards the VZ within the E12 tissue, and a lateral migration within E16 spinal cord tissue.  
Together these results demonstrate the ability of the technique to detect changes in a migrating population 
of cells.  
 
 
Discussion 
Spinal cord co-culture model provides an environment which supports differentiation and 
migration of dissociated progenitor cells. 
The dissociated E12 cervical spinal cord contains progenitor cells, a majority of which express the 
undifferentiated cell marker nestin. Additionally, over half of the cell population express BLBP which is 
also a marker of radial glial progenitor cells (Ogawa et al., 2005, Anthony et al., 2004, Noctor et al., 
2001). At E12 the developing spinal cord is largely composed of NEP cells (Barry and McDermott, 2005) 
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which was confirmed by our immunohistochemical profiling in vitro (Fig. 2). We therefore used the E12 
spinal cord to harvest NEP cells to co-culture with E14 tissue to investigate the migration of NEP cells 
within the developing spinal cord. NEP cells were shown to survive (Fig. 3 and 7) and differentiate within 
the E14 spinal cord tissue while cells seeded off the tissue did not exhibit any morphological 
differentiation throughout the culture period (Fig. 4-6). As seen in figures 4 and 5 some of the NEP cells 
seeded on the tissue slices began extending processes after 24 hours in culture.  
A previous study in our lab has shown that E14 radial glial progenitors differentiate when transplanted to 
the embryonic spinal cord through in utero intra-ventricular injections (McMahon and McDermott, 2007), 
whereby it was demonstrated that the transplanted cells acquired a multipolar morphology in vivo. After 
24 hours in culture the cells appeared to have a preference for specific regions of the spinal cord and 
exhibited morphological differentiation (Fig. 4-5). The technique can be used to investigate the 
phenotypic expression profile of co-cultured cells over time. Immunohistochemical analysis coupled with 
the model presented here will be useful to correlate the expression of specific markers with cell 
differentiation. 
The cells seeded on the spinal cord tissue demonstrated a far greater survival rate than those seeded off 
the tissue (Fig 6). Cells seeded onto the tissue began to stabilize in terms of cell number after 48 hours 
which may be due to trophic support through extrinsic signaling from the surrounding spinal cord tissue. 
The results  demonstrate that the co-culture system promotes the survival and differentiation of NEP cells. 
The co-culture technique can be used to analyse varied experimental conditions of tissue models. 
Using the co-culture assay in conjunction with the Cartesian coordinate system it was possible to detect 
changes in migration within a large cell population. When co-cultured with E12 tissue, the NEP cells 
migrated medially over time. This was evident in the frequency distributions which became increasingly 
positively skewed thus displaying a significant decrease in the median distance from the lumen over the 
culture period.  
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The method quantitatively demonstrated that the progenitor cells migrated to regions closer to the central 
canal of the E12 spinal cord, namely the VZ. The E12-E12 co-culture is isochronic and may readily 
maintain a neuroepithelial progenitor cell phenotype as the E12 spinal cord is largely made up of a nestin 
positive neuroepithelium (Barry and McDermott, 2005). Precursor cells have been shown to display 
temporal as well as spatial responsiveness to extracellular signals (Megason and McMahon, 2002; 
Mehler, 2000). Noctor et al., (2004) described four phases in the migration of neurons from the VZ to the 
cortical preplate, whereby the 3rd phase constitutes a retrograde migration of neuroblasts towards the 
ventricle.  
In contrast, NEP cells co-cultured with the E16 tissue exhibited a significant increase in radial distance. 
These results demonstrate that the progenitors migrated away from the lumen of the spinal cord in E16 
co-cultures. Within the E16 co-culture, the heterochronic tissue may induce an inherent outward 
migration of the co-cultured cells through extrinsic signaling. McMahon and McDermott (2007) reported 
that E14 radial glial progenitors migrate a significant distance in vivo from the VZ when transplanted to 
the E16 spinal cord through in utero intra-ventricular injections. Such findings are in agreement with the 
migration pattern displayed by progenitors in the co-culture assay suggesting that cell migration in the co-
culture system recapitulates cellular migration in vivo and is therefore an ideal system to study the 
migratory behavior of cell populations.  
The co-culture system allows the detection of distinct migratory patterns in specific regions of tissue 
samples 
The analysis demonstrated that co-cultured NEPs in dorsal and ventral regions exhibited regional 
differences in migratory behavior over time. In the E12 tissue, both dorsally and ventrally located cells 
exhibited a significant decrease in radial distance (table 2). The results generated by the technique suggest 
that the dorsally located cells migrated ventrally, while the ventrally located cells migrated dorsally 
towards the slice centre.  
In direct contrast to the E12 tissue, the dorsally and ventrally located NEP cells in the E16 tissue 
exhibited a significant increase in radial distance. Therefore, the progenitors that were originally seeded 
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in a dorsal region also migrated dorsally and the ventral cells migrated ventrally away from the spinal 
cord lumen.. Consequently this co-culture system is an excellent assay to investigate the function of 
potential signaling molecules in progenitor cell migration as well cell differentiation. The results 
presented here demonstrate that the culture system can be used to analyse the migratory behaviour of 
large populations of cells over time, while preserving regional information within the tissue sample. 
Furthermore the protocol enables the detection of migration patterns in relation to user defined regions of 
interest within tissue samples. 
 Our study segregated cells based on their dorsal or ventral location in the spinal cord. Using our 
technique, additional zones within tissue models can be easily be segregated for analysis. For example, 
cells migrating relative to the VZ or marginal zone can be quantified by firstly defining the expanse (in 
microns) of the VZ and marginal zones. Once all the cells have been analysed as described by our 
protocol, individual cells can be binned according to individual distances, as being inside or outside the 
VZ, marginal zone etc. over time. This analytical technique will be of great interest to various tissue 
models including the developing neocortex. Furthermore, by seeding cells within a specific region of a 
tissue model it is possible to measure the initial migration of cells from a user defined seed point. 
Using the co-culture assay and analysis protocol, further investigations of progenitor cell migration in the 
developing spinal cord, as well the cortex and other tissue regions may be carried out. Transgenic knock-
out /knock-in approaches as well as the over expression studies could be incorporated to determine the 
functioning of specific genes in regulating cell migration and differentiation. Additionally the instructive 
signaling properties of extracellular matrix molecules, as well as receptor ligands could be investigated 
using this technique, by adding these molecules to the co-culture assay.  
In conclusion, we have presented a study using an ex vivo model coupled with a versatile and highly 
robust analytical protocol that can be adapted to study various models of cell migration. This technique 
will be of great interest to researchers within the fields of neural development and regeneration. 
 
  
 
Page 11 of 177
John Wiley & Sons, Inc.
Developmental Dynamics
D
ev
el
op
m
en
ta
l D
yn
am
ic
s
 12
 
 
 
 
 
Experimental Procedures 
Animals 
All procedures were performed under license issued by the Irish Government Department of Health and 
Children and were approved by University College Cork Ethics Review board. Animals used in this study 
were balb C mice and transgenic c57 eGFP mice which ubiquitously express eGFP under the ß – actin 
promoter. These mice were acquired from Dr. Tom Moore, Department of Biochemistry, University 
College Cork, Cork, Ireland. The day of conception is regarded as E0. Balb C embryos between the ages 
of E12 and 16 were used and transgenic embryos aged E12 were used in co-culture studies. 
Preparation of E12 Primary Cell Cultures and Immunocytochemical Staining  
E12 spinal cords were dissected and the cervical cord was mechanically digested in ice cold Hanks 
Balanced Salt Solution (HBSS) (Gibco, Paisley, UK). The tissue was incubated with 5 ml of preheated 
(37°C) 0.1% trypsin ethylene diamine tetra-acetic acid (EDTA) (2 ml 0.25% trypsin and 3 ml HBSS 
buffer) and placed in an incubator at 37°C for 5–10 minutes. Soybean trypsin inhibitor (Sigma Aldrich 
U.K.) was added and the suspension was triturated to yield a dissociated cell population. The cells were 
plated at a density of 5x105 cell/cm2 and maintained at 37°C with 5% CO2 for 12–14 hours in cell culture 
media - DMEM (Gibco) supplemented with 1/100 B-27 supplement (Gibco), 1/100 N-2 supplement 
(Gibco), 2 mM L-glutamine, 10 ng/ml β-fibroblast growth factor (Roche Diagnostics), and 100 
U/ml penicillin and streptomycin. Cells were  fixed in 4% paraformaldehyde for 15 min. Cells were 
incubated with 5% horse serum overnight at 4°C and subsequently incubated with goat anti-nestin 
(Chemicon, Temecula, CA, 1:100) and rabbit anti-BLBP (Abcam 1:500) overnight at 4°C. Secondary 
antibodies, anti-goat Alexa Fluor 488 and anti-rabbit Alexa Fluor 568 were added for 90 minutes at room 
temperature. Cells were counterstained with the nuclear dye bisbenzimide (3.33 mg/ml). Coverslips were 
mounted on 76-26 mm glass slides using mounting medium (DakoCytomation, Cambridgeshire, UK). 
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Immunostained cultured cells were imaged on an Olympus Fluoview 1000 confocal microscope. Five 
fields of view were imaged using the 40x objective from each coverslip. Primary cell cultures and 
immunocytochemistry was repeated in 6 separate experiments. Images were then analysed using 
‘‘Volocity’’ image software (Improvison, UK). The number of nestin and BLBP positive cells was 
calculated as a percentage of the total number of bizbenzimide-stained nuclei. 
Preparation of embryonic spinal cord tissue slices 
Freshly dissected cervical spinal cords were embedded in 4% low melting agarose gel (Sigma-Aldrich). 
The agarose was allowed to set and the block was mounted on a vibratome stage using superglue and 
immersed in ice cold HBSS. Transverse cervical spinal cord tissue slices were cut at a thickness of 
400µm and then transferred to a petri-dish containing ice-cold HBSS.  
Culturing of embryonic spinal cord tissue slices  
Slice culture media - Basal Media Eagle (Gibco) supplemented with 25% Hanks Balanced Salt Solution 
(Sigma), 5% heat inactivated foetal calf serum (FCS) (Sigma), 1% N-2 supplement  (Invitrogen), 0.66% L 
– Glutamine(2mM)(Sigma), 1% Penecillin/Streptomycin (Sigma), 066% d-(+)-glucose (Sigma) was 
preheated to 37°C in an incubator. A volume of 1 ml of the preheated culture medium was placed in the 
glass bottom dishes (Matek) and a slice culture insert (Millipore) was positioned in the dish ensuring that 
no air bubbles became trapped under the insert. A large sterile flame polished pastuer glass pippette was 
used to transfer the embryonic spinal cord slices to the culture insert. The glass bottom dishes containing 
the spinal cord slices were then placed in an incubator with 5% CO2 at 37°C.  
Co-culture of organotypic cervical spinal cord tissue and primary cultures of dissociated E12 spinal 
cord progenitor cells. 
Cervical E12 eGFP spinal cords were dissected as above and placed into a falcon tube ice cold HBSS. 
The spinal cord tissue was trypsinized with of 0.1% trypsin ethylene diamine tetra-acetic acid (EDTA) 
(2mls 0.25% trypsin and 3mls HBSS buffer) and placed in an incubator at 37°C for 10 minutes. Tryspsin 
activity was inhibited by adding 500µl of soybean trypsin inhibitor (Sigma, U.K.) and the tissue was 
triturated until a dissociated population of cells was evident. The cell suspension was spun for 5 minutes 
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at 1100 rotations per minute in an Allergra 2IR centrifuge (Beckman Coulter, UK). The supernatant was 
removed and the pellet was then re-suspended in 1ml of preheated cell culture media. Cells were 
resuspended in media at 105 cells per µl. The E12 eGFP spinal cord cells were seeded onto cultured spinal 
cord tissue slices. The co-cultured tissue and dissociated spinal cord eGFP cells were then returned to the 
incubator and maintained at 37°C with 5% CO2. 
Imaging of co-cultures. 
The co-culture assays were imaged using an Olympus Fluoview 1000 confocal microscope equipped with 
a stage incubation chamber (37°C; 5% CO2). Glass bottomed dishes containing samples placed in the 
microscope incubation chamber were marked to preserve the alignment of the sample throughout imaging 
sessions. Confocal Z stacks were acquired at a pixel frame rate of 1024 x 1024 at a scan speed of 40 
pixles/sec using a step size of 4µm over a 100µm Z depth (25 optical Z sections) using a 10x dry 
objective lens. Confocal Z stacks were acquired at 0 hours, 24 hours, 48 hours and 96 hours. 
Cell number and population migration analysis. 
Volocity (Perkin Elmer, UK) 3D imaging software was used to analyze confocal Z stacks of the co-
cultures at 0, 24, 48 and 96 hours in vitro. Using the software a measurement protocol was created, 
whereby the eGFP positive progenitor cells were automatically detected using a defined threshold 
fluorescence intensity  and cell size (6-15µm). The lumen of the spinal cord tissue was manually selected 
in the brightfield channel as a region of interest (ROI) for each co-culture assay. The X and Y coordinates 
of the ROI as well individual cells was then recorded by the Volocity software. The coordinates of the 
spinal cord lumen were designated as the origin of a Cartesian coordinate system and subsequently 
individual cell coordinates were then translated through the origin using Microsoft excel (Figure 1). Using 
this approach, it was possible to record the ventral or dorsal location of individual co-cultured progenitor 
cells according to their corresponding X and Y coordinates. Cells with a negative Y coordinate were 
below the origin and thus the lumen of the spinal cord slice and were then classed as a ventrally located 
cell. Cells with positive Y coordinates were above the origin and classed as dorsally located cells. 
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The radial distance of individual cells from the central canal was then calculated using the distance 
formula -  
 (X2-X1)2+(Y2-Y1) 2 , whereby X1,Y1 = lumen; X2,Y2 = cell. 
Figure 1 (A) displays an example of a cell co-cultured with a spinal cord tissue slice. The Volocity 
software automatically detects the cell based on the fluorescence intensity and size. The software records 
the X and Y position of the cell, in this example (X1:200, Y1:200) The centre of the spinal cord is 
manually selected as a region of interest (ROI) and the coordinates recorded (X2:300, Y2:300). Figure 2 
(B) shows the same co-culture with the centre of the tissue as the origin of a Cartesian coordinate grid, 
with the cell coordinates having been translated through the origin. This is done by subtracting X2 from 
and
 
Y2 from Y1 giving the cell coorindates as X1:-100, Y1:-100 and the spinal slice centre as X2:0, Y2:0. 
The distance of the cell from the tissue centre is calculated by : √((0+100)2+(0+100) 2 = 141.22. In this 
example the Y coordinate of the translated cell was negative, and therefore located in the dorsal spinal 
cord. We have generated a template Excel file which will allow users to enter in the X and Y coordinates 
of the ROI and the coordinates of individual cells. Using the formula above, the template will then 
calculate the distance of each cell from the user defined ROI. Using this protocol combined with repeated 
imaging over a defined period, the movement of cells can be quantitatively analysed within the tissue 
sample. 
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Figure Legends 
 
Figure 1. 
 
(A) Diagram showing an example of the Cartesian coordinate system used to record the position of 
a co-cultured cell (green) on a spinal cord tissue slice. (B) The coordinates of the centre of tissue 
slice (Region of interest) are designated the origin, and the cell coordinates are translated through 
the origin. Using this coordinate system, the location of individual cell relative to the tissue centre 
can be recorded and the  individual cell distances from the centre of the tissue can be calculated. 
We have provided an excel template in which the coordinates of a ROI and individual cell 
coordiates can be entered which will then calculate the distance of each cell from the defined ROI. 
 
Figure 2 
(A) Primary cultures of E12 progenitor cell primary cultures immunocytochemically stained with 
nuclear stain DAPI (blue), nestin (green) and BLBP (red) at 14 hrs in vitro. Scale bar = 100µm. (B) 
Quantification of the cells expressing nestin and BLBP in primary cultures of E12 cervical spinal 
cord after 14 hours in vitro. Data represent mean ± standard error of the mean, n=3 animals per 
group. 
 
 
Figure 3 
(A) Projected confocal Z stacks of E14 spinal cord tissue slice at 7 days in vitro following 12 hour 
BrdU incubation. Proliferating BrdU positive cells (red) are seen throughout the tissue. (B) Tissue 
slices were also counterstained with the nuclear stain DAPI which shows intact cell nuclei.  
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Figure 4 
Projected confocal Z stacks of E14 spinal cord tissue slice co-cultured with eGFP NEPcells at (A) 0 
hours (B) 24 hours and (D) 4 days. (A) Projected confocal Z stack of the co-cultured spinal cord 
slice (gray scale) and E12 eGFP cells (green) at 0hours and (B) 24 hours in vitro. (C) boxed region 
in B shown at a high magnification exhibiting a cell with a radial like process extending from the 
perikaryon with a bifurcated leading edge. (D) spinal cord co-culture at 4 days in vitro. (E) boxed 
region in D shown at higher magnification exhibiting a highly differentiated cell.   
 
Figure 5 
Projected confocal Z stacks of E14 spinal cord tissue slice co-cultured with eGFP NEP cells at (A) 
0 hours (C) 24 hours. (A) co-cultured spinal cord slice (gray scale) and E12 eGFP cells (green). (B) 
boxed region in A at a higher magnification exhibiting E12 eGFP cells in the central canal (cc) of 
the spinal cord slice. (C) spinal cord slice sample at 24 hours in vitro. (D) boxed region in C shown 
at higher magnification exhibiting E12 eGFP cells extending processes (white arrowheads) away 
from the central canal (cc) of the spinal cord slice. 
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Figure 6 
Survival plot of cell numbers as a percentage of total progenitor cells seeded on and off spinal 
cord slices over 96 hours in vitro in the co-culture. p = <0.001; n=4 animals per group;  Gehan-
Breslow-Wilcoxon Test for survival curve comparison. Data represent mean ± standard error of 
the mean 
 
Figure 7 
E14 spinal cord slice co-cultured with NEP cells at 0 and 96 hours in vitro. A  Cartesian 
coordinate system was used to overlay the cell positions at the two different time points. Cells 
seeded on the tissue at 0 hours are labeled blue and the same cells at 96 hours are labeled green. 
 
 
Figure 8 
Mean radial cell distance of co-cultured progenitor cells in spinal cord slices at 0 and 96 hours in 
vitro in E12 and E16 slices; p =<0.0001; n = 4 animals per culture time point. Data represent 
mean ± standard error of the mean, two tailed Student’s t test. 
  
 
 
Figure 9 
Distribution of migrating progenitor cells in the range of 1 - 1000µm from the slice centre at 0 
and 96 hours in vitro in E12 and E16 spinal cord samples; n=4 animals per group.  Data 
represent the percentage of cells in the distance range at 0 and 96 hours. 
 
 
Figure 10 
(A) Mean radial cell distance of migrating NEP cells in the dorsal spinal cord samples at 0 and 
96 hours in vitro in E12 and E16 spinal cord samples. Data represent mean ± standard error of 
the mean ; p = 0.0001;  n=4 animals per developmental time point, two tailed Student’s t test. 
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(B) Mean radial cell distance of migrating NEP cells in ventral spinal cord samples at 0 and 96 
hours in vitro in E12 and E16 slices. Data represent mean ± standard error of the mean; *p = 
<0.05 0hours vs. 96 hours in E12 tissue; ***p = <0.0001 0hours vs. 96hours in E16 tissue; n=4 
animals per developmental time point, two tailed Student’s t test 
 
Figure 11  
Distribution of migrating NEP cells in the range of 1 - 1000µm from the spinal cord centre at 0 
and 96 hours in vitro in E12 and E16 within dorsal and ventral regions of spinal cord slice 
samples. Data represent the percentage of cells in the distance range at 0 and 96 hours from 4 
individual co-culture experiments per embryonic age. The skew and median of each distribution 
is shown in table 2.  
 
 
Table 1 
Skew and median of the relative frequency distributions of NEP cells in the range of 1 - 1000µm 
at 0 and 96 hours in vitro in E12 and E16 spinal cord slices. Data highlighted in blue represents a 
positively skewed distribution becoming more positive with a decreasing median over the culture 
period. Data highlighted in red represents a positively skewed distribution becoming less positive 
and with an increasing median (p=<0.0001, two tailed Student’s t test). 
 
 
 
 
Table 2 
Skew and median of the frequency distributions of migrating progenitor cells in the range of 1 - 
1000µm at 0 and 96 hours in vitro in E12 and E16 spinal cord slices. Data highlighted in blue 
represents a positively skewed distribution becoming more positive with a decreasing median 
over the culture period. Data highlighted in red represents a positively skewed distribution 
becoming less positive and an increasing median over the culture period (p Unpaired t test). 
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Figure 1. (A) Diagram showing an example of the Cartesian coordinate system used to record the position of 
a co-cultured cell (green) on a spinal cord tissue slice. (B) The coordinates of the centre of tissue slice 
(Region of interest) are designated the origin, and the cell coordinates are translated through the origin. 
Using this coordinate system, the location of individual cell relative to the tissue centre can be recorded and 
the individual cell distances from the centre of the tissue can be calculated.  
We have provided an excel template in which the coordinates of a ROI and individual cell coordinates can be 
entered which will then calculate the distance of each cell from the defined ROI.  
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Figure 2. (A) Primary cultures of E12 progenitor cell primary cultures immunocytochemically stained with 
nuclear stain DAPI (blue), nestin (green) and BLBP (red) at 14 hrs in vitro. Scale bar = 100µm. (B) 
Quantification of the cells expressing nestin and BLBP in primary cultures of E12 cervical spinal cord after 14 
hours in vitro. Data represent mean ± standard error of the mean, n=3 animals per group.  
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Figure 3. (A) Projected confocal Z stacks of E14 spinal cord tissue slice at 7 days in vitro following 12 hour 
BrdU incubation. Proliferating BrdU positive cells (red) are seen throughout the tissue. (B) Tissue slices were 
also counterstained with the nuclear stain DAPI which shows intact cell nuclei.  
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Projected confocal Z stacks of E14 spinal cord tissue slice co-cultured with eGFP NEP cells at (A) 0 hours (B) 
24 hours and (D) 4 days. (A) Projected confocal Z stack of the co-cultured spinal cord slice (gray scale) and 
E12 eGFP cells (green) at 0hours and (B) 24 hours in vitro. (C) boxed region in B shown at a high 
magnification exhibiting a cell with a radial like process extending from the perikaryon with a bifurcated 
leading edge. (D) spinal cord co-culture at 4 days in vitro. (E) boxed region in D shown at higher 
magnification exhibiting a highly differentiated cell.  
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Figure 5. Projected confocal Z stacks of E14 spinal cord tissue slice co-cultured with eGFP NEP cells at (A) 0 
hours (C) 24 hours. (A) co-cultured spinal cord slice (gray scale) and E12 eGFP cells (green). (B) boxed 
region in A at a higher magnification exhibiting E12 eGFP cells in the central canal (cc) of the spinal cord 
slice. (C) spinal cord slice sample at 24 hours in vitro. (D) boxed region in C shown at higher magnification 
exhibiting E12 eGFP cells extending processes (white arrowheads) away from the central canal (cc) of the 
spinal cord slice.  
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Survival plot of cell numbers as a percentage of total progenitor cells seeded on and off spinal cord slices 
over 96 hours in vitro in the co-culture. p = <0.001; n=4 animals per group; Gehan-Breslow-Wilcoxon Test 
for survival  curve comparison. Data represent mean ± standard error of the mean.   
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Figure 7. E14 spinal cord slice co-cultured with NEP cells at 0 and 96 hours in vitro. A Cartesian coordinate 
system was used to overlay the cell positions at the two different time points. Cells seeded on the tissue at 0 
hours are labeled blue and the same cells at 96 hours are labeled green.  
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Mean radial cell distance of co-cultured progenitor cells in spinal cord slices at 0 and 96 hours in vitro in E12 
and E16 slices; p =<0.0001; n = 4 animals per culture time point. Data represent mean ± standard error of 
the mean, two tailed Student’s t test.  
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Figure 9. Distribution of migrating progenitor cells in the range of 1 - 1000µm from the slice centre at 0 and 
96 hours in vitro in E12 and E16 spinal cord samples; n=4 animals per group.  Data represent the 
percentage of cells in the distance range at 0 and 96 hours.  
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(A) Mean radial cell distance of migrating NEP cells in the dorsal spinal cord samples at 0 and 96 hours in 
vitro in E12 and E16 spinal cord samples. Data represent mean ± standard error of the mean; p = 
0.0001;  n=4 animals per developmental time point, two tailed Student’s t test.  
(B) Mean radial cell distance of migrating NEP cells in ventral spinal cord samples at 0 and 96 hours in vitro 
in E12 and E16 slices. Data represent mean ± standard error of the mean; *p = <0.05 0hours vs. 96 hours 
in E12 tissue; ***p = <0.0001 0hours vs. 96hours in E16 tissue; n=4 animals per developmental time 
point, two tailed Student’s t test  
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Figure 11.  
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Table 1. Skew and median of the relative frequency distributions of NEP cells in the range of 1 - 1000µm at 
0 and 96 hours in vitro in E12 and E16 spinal cord slices. Data highlighted in blue represents a positively 
skewed distribution becoming more positive with a decreasing median over the culture period. Data 
highlighted in red represents a positively skewed distribution becoming less positive and with an increasing 
median (p=<0.0001, two tailed Student’s t test).  
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Table 2.  Skew and median of the frequency distributions of migrating progenitor cells in the range of 1 - 
1000µm at 0 and 96 hours in vitro in E12 and E16 spinal cord slices. Data highlighted in blue represents a 
positively skewed distribution becoming more positive with a decreasing median over the culture period. 
Data highlighted in red represents a positively skewed distribution becoming less positive and an increasing 
median over the culture period (p Unpaired t test).  
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